Abstract. In this work a complete analytical model of elastic-plastic bending, tension and / or torsion has been developed to simulate the manufacturing of leaf springs and coil suspensions. A special procedure was also implemented to simulate mechanical surface treatments such as shot peening. These models allow predicting the plastic strains and residual stresses induced by successive loadings of the part. Our approach required first defining the mechanical behaviour of the material. The constitutive laws of the employed steels were therefore identified starting from cyclic loops recorded for tests carried out at various imposed strains. These laws were introduced in the plasticity model to simulate the different steps of manufacturing: forming of the part, presetting operations, shot peening, elastic-plastic shake down produced by the first cycles of fatigue. In order to validate the model, residual stress maps were also characterized by X-Ray diffraction. However, to retrieve the maximum of information from this kind of measurement, the experimental data has been analysed through a global method which processes the whole acquired diffraction peaks at once.
Introduction
For an alloy steel producer like ASCOMETAL, the development of new enhanced grades requires a good understanding of the mechanisms leading to the failure of the industrial parts of its customers. A significant share of the production of the company relates to the supply of materials used for the manufacturing of leaf springs of tracks and coil suspensions of cars. The damage of such component is mainly due to fatigue. Its understanding requires simulating the different steps of manufacturing: forming of the part, presetting operation and shot peening. It needs also predicting the elastic-plastic shake down produced by the first in-service cycles of fatigue. Tension, bending and torsion are the main loads applied to the material. A complete analytical model of such loading has therefore been developed to calculate the plastic strains and residual stresses induced by the successive manufacturing operations. This approach required defining the mechanical behaviour of the material. The first section of our paper will thus be dedicated to the identification of the constitutive laws of the employed steels. The second paragraph will describe the general principles of the simulations. Theoretical residual stress fields will finally be compared to some experimental results obtained by X-Ray diffraction using a global analysis of the whole diffraction peaks.
Constitutive law of the material
Forming and presetting lead to successive loading and unloading of the material. Moreover, in service cyclic stresses are also applied to the part. The simulation of the manufacturing process and the prediction of the elastic-plastic shake down produced by the first cycles of fatigue require therefore characterising the cyclic behaviour of the material.
The constitutive laws of the studied steels were therefore described through the modern thermodynamic approach proposed by Lemaitre and Chaboche [1] . An accurate description of alloy steels forces however to account for combined isotropic and kinematic hardening mechanisms. In fact, the cyclic yield stress of the steel varies with cumulated plastic strain. Hardening of the material is thus generally observed up to strains of several per cent, followed by softening. Such behaviour is clearly demonstrated by the isotropic hardening curve observed on a bainitic medium carbon steel (Fig. 1 ). A bi-logarithmic polynomial evolution of the yield stress versus the cumulated plastic strain was introduced into the plasticity model to describe this phenomenon. Strong Bauschinger effects are also generally observed on alloy steels. Kinematic hardening has therefore been inserted into the plasticity criterion to account for this property. The cyclic behaviour of the materials was identified starting from cyclic loops recorded for tension tests carried out at imposed strains varying from 0.3% to 2%. For that purpose, more than five different cyclic loops were fitted for each applied strain, using a least squares optimization method. A classical non linear kinematic model was first tested to describe these curves. Significant differences were however observed between the experimental data and the fitting function ( fig. 2 ). In fact, alloy steels do not present a real yield stress threshold to plastic deformation after unloading. This is related to reversible movements of mobile dislocations which greatly reduce the strength of the material. With increasing load, these dislocations are however fixed on existing obstacles. A memory function multiplier was therefore introduced in the expression of the isotropic hardening to simulate this effect. At large deformation, on the other hand, the nonlinear kinematic hardening model leads to a horizontal asymptotic behaviour whereas the experimental results clearly reveal the existence of a slope. Consequently, linear kinematic hardening was combined to the previous isotropic strengthening or softening to describe the studied steels. Moreover, the coefficients characterising these hardening mechanisms are influenced by the plastic strain amplitude which has thus been added to the state variables as actual material condition [2] .
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Modelling of the elastic-plastic loading
Our simulation program is dedicated to the modelling of forming, presetting and mechanical surface treatment of leaf springs, coil suspensions and tubes. For this type of problem a segment of the part can be approximated reasonably by a section of rectangular or cylindrical beam. Our model needs then predicting the plastic strains and residual stresses induced by successive loadings of the body. To this end, the equilibrium conditions and the compatibility equations are written in Cartesian or cylindrical coordinate systems to obtain relationships connecting the internal stresses directly to the plastic deformations. These last are then deduced from the external loads, applied in successive increments, using an iterative process to solve the plasticity problem. It requires however introducing the distribution of the applied stresses in a cross section of the part. This distribution is derived from the boundary conditions of loading and is defined by the classical solutions of elasticity. To improve the fatigue behaviour of the material, mechanical surface treatments are often applied to the manufactured part. Special procedures were therefore added to our software to simulate autofrettage and shot peening [3] . For this last surface treatment, a generalized Hertz model has been implemented to describe the contact between the shot and the sample [4] . To increase the efficiency of shot peening, such treatment is generally realized under presetting (tension, bending, or torsion). For that reason, our program has been designed to allow superimposing different loads. For flat specimens: tension, bending and shot peening can thus be combined. In the case of coil springs or tubes: tension, bending, torsion, internal pressure and shot peening can be superimposed. Heat treatments are also usually employed during manufacturing, leading to decarburizing of the surface layers of the steel. A gradient material is therefore built in our model to describe the evolution of the material properties versus depth.
Shot peening of a leaf spring
Cross section residual stress map of a Sample bent in two orthogonal directions Shot peening of a coil spring Elastic-plastic shake down of a pressurised tube 
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Residual Stresses VII, ECRS7 Figure 3 shows different examples of simulations realised with our program. The first modelling describes the presetting operations of a leaf spring. It clearly shows the interest to perform the shot peening treatment under loading. The second calculation gives the residual stress distribution in a cross section of a rod, as obtained after plastic bending in two orthogonal directions. The third computation simulates some steps of the manufacturing process of a coil spring. It shows the effect of the realisation order of the presetting and shot peening operations on the resulting stress fields. The last example simulates the elastic-plastic shake down of a pressurised tube
Comparison to experimental results
In order to validate the calculations, the residual stress fields were also characterized by X-Ray diffraction. A stress mapping of the analysed samples was therefore performed. Nevertheless, to retrieve the maximum of information from this kind of measurement, the experimental data has been analyzed through a global method which processes the whole acquired diffraction peaks at once [5] . Such technique greatly improves the accuracy and reliability of the measurements. It also allows directly relating the experimental data to the process control parameters of the numerical simulations. Figure 4 shows two examples of comparison between the simulated residual stress profiles and values evaluated by X-Ray diffraction.
Stress profile of a bent steel wire Shot peening of a leaf spring The first manufacturing process considered in our study is the bending of a high resistance steel wire. After stress relief, the sample has been plastically deformed in a four point bending machine.
In that case, the challenge was not only to define the in-depth residual stress field induced by the manufacturing process, but also to evaluate the load applied to the wire. This was achieved just analysing the surface of the sample. First, classical X-ray measurements were carried out therefore at 120 surface points of the centre section of the wire, evenly distributed at angular positions from 0° to 360°. For each point, 30 (Φ,Ψ) inclinations were thus used to define the axial and hoop stresses of the surface, even if this last component is always almost zero. Our simulation model was implemented, on the other hand, to compute the strains and stresses induced by the bending of the sample. From this data, the diffraction peak shifts, as observed in X-ray measurements, could be predicted. The global evaluation of the residual stress profile of the wire was finally based on the optimisation of the applied load in order to minimise the difference between the predicted peak positions and the measured ones. A non-linear iterative least squares optimization method was employed for that purpose. Left curve of Figure 4 shows the residual stress profile calculated by the simulation model at the last step of this procedure. This curve has been compared to the stress values evaluated by the classical sin²ψ X-Ray method. Both curves are in very good agreement.
The second example of our study is about manufacturing of a leaf spring. The in-depth residual stresses induced by the presetting (bending) and shot peening operations of the part have thus been compared to values evaluated by classical X-Ray experiments (right graph of Fig 4) . For these measurements, the surface layers of the sample were removed by electro-polishing. The thickness of the analysed spring (26 mm) is however large enough to neglect the stress redistribution due to this operation. The calculated and measured stress profiles exhibit clearly the same behaviour.
Summary and conclusion
In our study a complete analytical model has been developed and implemented to simulate some manufacturing processes of industrial parts. This approach allowed predicting the plastic strain and residual stress induced by combined tension, bending, torsion and pressure loading of rectangular or cylindrical sections of a sample. The effect of surface treatments such as shot peening and autofrettage could also be analysed. For that purpose the cyclic behaviour of the material has been described by a new type of constitutive law, mixing isotropic and kinematic hardening mechanisms. The effects of the plastic strain amplitude on the coefficient characterising this law have also been taken into account. The model allowed simulating the presetting and shot peening operations of leaf springs of tracks and coil suspensions of cars. The residual stresses created by autofrettage and the elastic-plastic shake down produced by the first cycles of pressure loading of a tube were also predicted. Some experimental stress mapping results obtained by X-Ray measurements were finally compared to the corresponding theoretical simulations. A global analysis of the whole acquired diffraction peaks has been used for that purpose to improve the reliability and accuracy of the measurements. The software developed in this study is a very powerful tool to predict, analyze and improve the mechanical behaviour of our materials, thus helping to develop new enhanced steel grades.
